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HIGHLIGHTS 


►  First  attempt  of  using  thermoelectric  materials  in  LIB  to  tackle  thermal  runaway. 

►  Bi2Se3  rectangular  nanosheets  (BRNS)  were  prepared  by  thermochemical  method, 

►  Self  assembled  nanosheets  (SANS)  were  prepared  by  hydrothermal  method. 

►  First  discharge  capacity  is  725.6  mAh  g  1  for  BRNS  and  419.6  mAh  g  1  for  SANS. 

►  Intercalation  and  replacement  reaction  were  suggested  during  battery  operation. 
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In  this  work  we  propose  a  novel  idea  of  using  thermoelectric  material  in  lithium  ion  batteries.  The  reason 
behind  this  idea  is  to  improve  the  efficiency  of  batteries  especially  when  heat  dissipation  and  exothermic 
reaction  of  cathode  and  anode  with  the  electrolyte  at  higher  temperatures  restricts  their  continuous 
operation  due  to  thermal  runaway.  In  order  to  execute  this  idea  we  develop  a  new  synthetic  technique 
for  fabrication  of  Bi2Se3  (thermoelectric  material)  and  also  compare  it’s  efficiency  by  preparing  this 
material  by  existing  synthetic  technique.  Charge/discharge  comparison  of  both  the  samples  indicate  that 
the  synthesis  technique  has  a  profound  effect  on  electrochemical  performance.  Bismuth  selenide  (Bi2Se3) 
is  intentionally  selected  for  this  purpose.  Bi2Se3  rectangular  nanosheets  (BRNS)  with  thicknesses  of  200 
—500  nm  are  synthesized  by  a  simple  thermochemical  method  in  which  we  use  bismuth  and  selenium 
powders  as  precursors.  Self  assembled  nanosheets  (SANS)  in  spherical  shape  are  prepared  by  conven¬ 
tional  hydrothermal  technique.  Charge  discharge  experiments  show  that  BRNS  synthesized  with  this 
technique  have  reasonable  performance  as  compared  to  nanosheets  synthesized  by  conventional 
hydrothermal  technique.  It  shows  that  first  discharge  capacity  is  up  to  725.6  mAh  g-1  for  BRNS  and 
419.6  mAh  g_1  for  SANS. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  temperature  of  a  lithium  ion  cell  is  determined  by  the  heat 
balance  between  the  amount  of  heat  generated  and  that  dissipated 
by  the  cell.  The  heat  generation  follows  exponential  function  while 
the  heat  dissipation  keeps  linear  function.  When  a  cell  is  heated 
above  a  certain  temperature  (usually  above  130-150  °C),  exothermic 
chemical  reactions  between  the  electrodes  and  electrolyte  set  in  will 
raise  its  internal  temperature.  If  the  cell  can  dissipate  this  heat,  its 
temperature  will  not  rise  abnormally.  However,  if  the  heat  generated 
is  more  than  what  can  be  dissipated,  the  exothermic  processes 


*  Corresponding  author.  Tel.:  +86  10  68913792;  fax:  +86  10  68912001. 
E-mail  address:  cbcao@bit.edu.cn  (C.  Cao). 

0378-7753 /$  -  see  front  matter  ©  2012  Elsevier  B.V.  All  rights  reserved. 
http://dx.doi.Org/10.1016/j.jpowsour.2012.ll.120 


would  proceed  under  adiabatic-like  conditions  and  the  cell’s 
temperature  will  increase  rapidly.  This  rising  temperature  will 
further  accelerate  the  chemical  reactions,  rather  than  the  desired 
galvanic  reactions,  causing  even  more  heat  to  be  produced,  even¬ 
tually  resulting  in  thermal  runaway  [1].  It  is  proposed  that  above 
80  °C,  thermal  runaway  can  occur  spontaneously  as  a  result  of  fire  or 
explosion  [2].  Similarly  at  temperatures  lower  than  0  °C  batteries 
exhaust  rapidly.  These  two  phenomena  introduce  a  very  small  range 
of  temperatures  for  battery  operation  especially  for  hybrid  electric 
vehicles  (HEV)  and  electric  vehicles  (EV). 

We  develop  an  idea  to  overcome  this  issue,  i.e.  using  thermo¬ 
electric  materials  in  batteries.  The  thermoelectric  effect  is  the  direct 
conversion  of  temperature  differences  to  electric  voltage  and  vice- 
versa.  A  thermoelectric  device  creates  a  voltage  when  a  tempera¬ 
ture  difference  is  introduced  and  vice  versa.  Conversely,  when 
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a  voltage  is  applied  to  it,  it  creates  a  temperature  difference.  At  the 
atomic  scale,  an  applied  temperature  gradient  causes  charge 
carriers  in  the  material  to  diffuse  from  the  hot  point  to  the  cold 
point.  This  effect  can  be  used  to  enhance  conductivity,  measure  or 
change  the  temperature  of  an  object.  Because  the  direction  of 
heating  and  cooling  is  determined  by  the  polarity  of  the  applied 
voltage,  hence  thermoelectric  devices  fabricated  from  thermo¬ 
electric  materials  are  efficient  temperature  controllers  without 
using  circulating  fluid.  It  is  also  a  fact  that  the  rate  performance  of 
electrochemical  materials  can  be  improved  by  enhancing  the  ionic/ 
electronic  conductivity. 

Bismuth  chalcogenides  such  as  Bi2Te3  and  Bi2Se3  comprise  some 
of  the  best  performing  room  temperature  thermoelectric  [3-10] 
with  a  temperature  independent  thermoelectric  effect,  therefore 
suitable  for  refrigeration  applications.  Nanostructures  growth  of 
such  materials  will  exhibit  the  interesting  physical  and  chemical 
properties  [11—13].  Since  tellurium  is  very  rare  as  compared  to 
selenium  so  in  order  to  execute  our  idea  we  have  synthesized 
Bismuth  selenide  for  application  in  lithium  ion  batteries.  It  is  worth 
mentioning  here  that  bismuth  selenide  has  prospective  applica¬ 
tions  in  thermoelectric,  electrochemical  hydrogen  storage,  opto¬ 
electronic  devices,  and  IR  spectroscopy  etc  [15-22]. 

Although  electrochemical  hydrogen  storage  properties  of  Bi2Se3 
have  been  reported  [14,15]  but  there  are  no  reports  for  electro¬ 
chemical  lithium  ion  properties  as  anode  material.  The  consider¬ 
ation  of  unsuitability  near  some  researchers  might  be  a  reason  for 
this.  In  order  to  tackle  this  issue  we  have  synthesized  bismuth 
selenide  by  different  techniques  and  studied  the  effect  of  synthetic 
technique  on  electrochemical  performance  because  this  is  a  fact 
that  the  experimental  conditions  are  important  for  the  surface 
states,  which  mainly  control  the  properties  of  Bi2Se3  and  are 
modified  by  chemical  reactions  under  ambient  conditions  [23]. 
Therefore,  main  purpose  of  this  study  was  to  investigate  the  effect 
of  synthesis  technique  of  Bi2Se3  on  electrochemical  behavior  for 
application  in  lithium  ion  batteries. 

A  number  of  synthesis  techniques  have  been  reported  to 
control  the  morphology  of  Bi2Se3  nanostructures,  such  as 
microwave-assisted  technique  for  nanosheets  [24],  the  sonoelec- 
trochemical  or  template-assisted  method  for  nanowires  [25,26], 
co-reduction  method  under  ultrasonic  irradiation  for  nanobelts 
[27]  and  the  hydrothermal  co-reduction  or  solvothermal  method 
for  nanotubes,  nanorods  and  nanoflakes  [28-30].  However,  these 
techniques  are  either  complex  or  expensive.  Recently,  there  have 
been  a  number  of  reports  published  for  nanostructures  growth  of 
Bi2Se3  by  CVD  technique  using  Bi2Se3  compound  as  the  starting 
material  [31-33].  Bi2Se3  is  an  expensive  material;  there  is  a  need 
to  develop  a  cost  effective,  simple  and  novel  technique  to 
synthesize  Bi2Se3  nanosheets.  We  have  used  Bi  and  Se  elements  as 
starting  materials  in  alumina  boat  and  successfully  controlled  the 
morphology  of  Bi2Se3. 

Electrochemical  performance  of  Bismuth  selenide  for  applica¬ 
tion  in  lithium  ion  batteries  has  never  been  reported  earlier.  We 
have  prepared  Bi2Se3  by  different  syntheses  techniques  and 
measured  its  lithium  ion  battery  capacity  for  the  first  time  ever. 
Also  Bi2Se3  Rectangular  nanosheets  (BRNS)  have  never  been 
synthesized  by  this  novel  strategy  to  date  to  the  best  of  our 
knowledge.  Charge  discharge  experiments  show  that  the  first  cycle 
discharge  capacity  is  725.6  mAh  g-1  for  BRNS. 

2.  Experimental 

2.1.  Synthesis  of  BRNS 

Bismuth  and  selenium  powders  were  engaged  as  starting 
materials.  These  powders  were  mixed  in  (1 :1)  ratio  and  grinded  in 


mortar  for  30  min.  About  1  g  of  the  mixture  was  loaded  in  small 
rectangular  alumina  boat.  The  furnace  was  pumped  out  using 
a  mechanical  rotary  pump  for  removing  the  residual  air  contents 
from  the  furnace  tube  and  then  also  flushed  heavily  with  high 
purity  argon  gas  for  about  30  min.  Later  on  argon  gas  flow  was 
adjusted  at  50  seem  (standard  cubic  centimeter  per  minute)  and  the 
furnace  was  switched  on  to  reach  the  first  target  temperature  (tl ) 
of  700  °C  at  ramp  rate  of  5  °C  min-1  and  kept  there  for  30  min,  then 
it  was  cooled  at  the  same  rate  to  reach  the  second  target  temper¬ 
ature  (t2)  of  530  °C,  it  was  maintained  for  a  reaction  time  of 
120  min  and  then  furnace  was  cooled  down  naturally.  A  dark  gray 
color  product  was  obtained  from  the  alumina  boat  and  preserved  in 
airtight  plastic  boxes  for  further  investigations. 

2.2.  Synthesis  of  SANS 

SANS  were  synthesized  by  conventional  hydrothermal  tech¬ 
nique.  All  chemical  reagents  were  of  analytical  grade  and  used 
without  further  purification.  In  a  typical  synthesis  procedure, 
solution  A  was  prepared  by  continuous  stirring  a  mixture  of  20  ml 
ethylene  glycol  (EG)  and  30  ml  oleic  acid  (OA)  with  0.972  g  of 
Bi(N03)3-5H20.  Solution  B  was  prepared  by  mixing  0.237  g  Se  in 
4  ml  of  nitric  acid  (HNO3).  Then  solution  B  was  mixed  with  solution 
A.  The  mixture  was  transferred  into  a  60  ml  Teflon-lined  autoclave. 
The  autoclave  was  sealed,  maintained  at  180  °C  for  20  h,  and  cooled 
to  room  temperature  naturally.  The  precipitates  were  collected  and 
washed  with  absolute  ethanol  and  distilled  water  several  times. 
Then  the  sample  was  dried  in  a  vacuum  at  60  °C  for  several  hours. 

2.3.  Structural  and  morphological  characterizations 

The  structure  and  the  phase  purity  of  the  products  was  deter¬ 
mined  by  X-ray  powder  diffraction  (XRD,  Philips  X’Pert  Pro  MPD) 
with  Cu  Ka  radiation  (A  =  0.15406  nm)  whereas  the  morphologies 
of  the  products  were  examined  by  scanning  electron  microscopy 
(SEM,  Hitachi  S-3500).  The  chemical  composition  of  the  product 
was  investigated  by  EDS. 

2.4.  Electrochemical  measurements 

Electrochemical  properties  of  Bi2Se3  powder  were  measured  by 
fabricating  CR2025  coin  cells.  A  solution  containing  5  wt.%  poly- 
vinylidene  fluorides  (PVDF)  in  l-methyl-2-pyrrolidinone  (NMP)  as 
a  binder  was  added  to  the  mixture  to  form  paste.  This  paste  con¬ 
taining  Bi2Se3,  carbon  and  PVDF  in  75:20:5  weight  ratios  respec¬ 
tively  was  coated  onto  copper  foils  to  form  working  electrodes  and 
dried  for  12  h  in  vacuum  at  120  °C.  Lithium  metal  was  used  as 
counter  electrode  and  Celgard  2400  film  as  separator.  The  elec¬ 
trolyte  was  1  M  LiPFg  in  a  mixture  of  ethylene  carbonate  (EC)  and 
dimethyl  carbonate  (DMC)  (1:1,  v/v). 

Cell  assembling  was  carried  out  in  an  argon-filled  glove  box  (M 
Braun  100  G,  Germany),  where  water  and  oxygen  concentration 
was  kept  less  than  1  ppm.  The  coin  cells  were  charged/discharged 
to  different  Li  contents  and  voltage  with  a  current  of  50  mA  g-1.  A  Li 
foil  pressed  into  Ni  net  served  as  the  counter  and  reference  elec¬ 
trodes.  The  scan  potential  ranges  were  in  the  range  of  0.02—3.0  and 
1.6— 3.0  V  (versus  Li/Li+),  and  the  potential  scanning  rate  was 
0.5  mV  s“l 

3.  Results  and  discussion 

Fig.  1(a)  shows  the  XRD  pattern  of  BRNS  synthesized  in  furnace 
tube  using  bismuth  and  selenium  powders  as  precursors.  From  this 
figure,  all  the  characteristic  peaks  correspond  to  pure  Bi2Se3.  Millar 
indices  of  every  peak  are  indexed  in  the  Fig.  1.  The  main  peaks 
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located  at  26  =  29.3736, 40.2576,  and  43.6783°  correspond  to  (015), 
(1010)  and  (110)  planes  respectively,  have  the  highest  intensity.  All 
the  peaks  match  well  with  the  peaks  of  rhombohedral  Bi2Se3.  The 
lattice  parameters  calculated  for  Bi2Se3  are  a  =  4.1368  nm  and 
c  =  28.6342  nm,  which  are  correspond  to  the  standard  values  of 
JCPDS  card  No.33-0214  for  Bi2Se3. 

Fig.  1(b)  shows  XRD  spectrum  of  SANS  synthesized  by  conven¬ 
tional  hydrothermal  process.  It  can  be  seen  that  phase  obtained  by 
hydrothermal  process  is  almost  same  as  obtained  by  CVD  method. 
It  can  be  inferred  from  the  comparison  that  our  product  is  single 
phase  pure  Bi2Se3. 

Purity  of  the  product  was  further  investigated  by  (EDS)  analysis. 
Fig.  2  represents  the  result  of  energy  dispersive  X-ray  spectroscopic 
(EDS)  investigation  of  the  as-synthesized  products.  (EDS)  results  of 
BRNS  are  presented  in  Fig.  2(a)  which  depicts  that  the  product  is 
highly  pure  bismuth  selenide.  The  bismuth  and  selenium  are 
present  in  71.20:28.80.  EDS  spectra  for  SANS  are  given  in  Fig.  2(b) 
which  suggests  that  Bi  and  Se  are  present  in  87.69:12.31  ratios.  This 
difference  in  elemental  ratios  is  due  to  the  difference  in  synthesis 
techniques. 

Fig.  3  presents  the  Scanning  Electron  Microscopy  (SEM)  micro¬ 
graphs  of  the  as  synthesized  products.  The  product  mainly  consists 
of  nanosheets.  Fig.  3(a)  represents  the  SEM  images  of  the  product  at 
20  pm  scale.  Fig.  3(b)  presents  the  SEM  micrographs  at  10  pm  scale. 
In  order  to  observe  morphology  clearly,  SEM  micrographs  were 
taken  at  higher  resolution  scales  as  presented  in  Fig.  3(c)  and  (d). 
Nanosheets  seem  to  be  rectangular  in  shape.  Thickness  of  the 
nanosheets  was  estimated  from  these  images  to  be  in  the  range  of 
200-500  nm  while  the  lengths  are  in  micrometers  scale  as  indi¬ 
cated  in  Fig.  3(c).  Fig.  3(d)  represents  that  some  portion  of  the 
product  was  not  converted  to  BRNS,  temperature  gradient  is 
considered  to  be  the  major  reason  for  this  difference  in 
morphology. 

Fig.  4  shows  that  product  synthesized  by  conventional  hydro- 
thermal  technique.  Product  mainly  consists  of  nanosheets  self 
assembled  in  spherical  shape.  Fig.  4(a)  and  (b)  represents  the 
product  at  lower  magnification.  Some  of  the  nanospheres  are  also 
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Fig.  1.  (a)  XRD  spectrum  of  BRNS  (b)  XRD  pattern  of  SANS. 
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Fig.  2.  (a)  EDS  results  of  BRNS  (b)  EDS  results  of  SANS. 


observed  in  the  micrographs  Fig.  4(c),  these  nanoshperes  also 
comprise  of  self  assembled  nanosheets.  Fig.  4(d)  shows  the 
morphology  of  a  single  sphere  consisting  of  nanosheets. 

Fig.  5  presents  electrochemical  performance  at  50  mA  g-1 
current  density  of  as  synthesized  products  by  themochemical 
reaction  and  by  hydrothermal  technique  respectively.  Fig.  5(a) 
shows  the  charge  discharge  curves  for  the  BRNS  synthesized  by 
CVD  using  Bi  and  Se  powders  as  precursors.  It  can  be  depicted  from 
the  figure  that  1st  cycle  discharge  capacity  for  BRNS  is 
725.6  mAh  g-1  and  reversible  charge  capacity  is  521  mAh  g_1,  while 
the  1st  cycle  discharge  capacity  for  SANS  is  419.4  mAh  g1  and 
reversible  charge  capacity  is  347.2  mAh  g_1  as  presented  in 
Fig.  4(b).  Similarly  the  difference  of  charge  and  discharge  capacity  is 
observed  for  the  preceding  cycles  in  both  cases.  It  is  also  evident 
from  the  figure  that  potential  slope  is  quite  enormous  for  the  first 
cycle  discharge  capacity  in  the  range  1.7-0.85  V  which  is  consid¬ 
ered  to  be  due  to  the  following  conversion  reactions. 

Lithium  intercalation 

Bi2Se3  +  xLi  +  xe“  -^Li+ [Bi2Se3f“  (1) 

Replacement  reaction 

Bi2Se3  +  xLi  +  xe_  -» LixSe3  +  2Bi  (2) 

Two  plateaus  at  1.7  and  0.85  V  were  observed  during  the 
discharge  due  to  the  lithium  potential  of  LixSe3.  Therefore,  we 
suggest  two  different  reactions  by  which  lithium  interacts  with 
bismuth  selenide.  First  one  is  the  lithium  intercalation  in  which 
lithium  resides  among  the  quintuple  layers  of  the  bismuth  sele¬ 
nide;  other  one  is  replacement  reaction  in  which  lithium  replaces 
bismuth  chemically.  The  charge-discharge  profiles  for  both  the 
samples  look  like  same  but  discharge  capacity  suddenly  drops  to 
419.4  mAh  g-1  in  case  of  SANS  just  after  this  potential  slope. 
Selenium  vacancies  and  modified  surface  states  are  considered  to 
be  responsible  for  this  sudden  decrease  because  of  the  different 
synthesis  technique.  The  EDS  results  (Fig.  2)  also  confirm  that  extra 
selenium  is  present  in  BRNS  due  to  the  methodology  adopted. 
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Fig.  3.  SEM  micrographs  of  as  synthesized  Bi2Se3  nanosheets  (BRNS)  synthesized  by  using  Bi  and  Se  powders  as  precursors. 
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Fig.  4.  SEM  micrographs  of  as  synthesized  seif  assembled  nanosheets  (SANS)  prepared  by  conventional  hydrothermal  technique. 
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Fig.  5.  Electrochemical  performance  of  Bi2Se3/Li  cells  (a)  charge/discharge  curves  of  BRNS  (b)  charge/discharge  curves  of  SANS  (c)  cyclic  performance  of  BRNS  (d)  cyclic  performance 
of  SANS  (e)  rate  performance  of  Bi2Se3. 


Fig.  5(c)  shows  the  cyclic  performance  of  BRNS  and  (d)  represents 
the  cyclic  performance  of  SANS.  The  comparative  study  of  cyclic 
performance  shows  that  the  slope  in  case  of  BRNS  is  steeper  than  in 
case  of  SANS.  Self  assembled  nanosheets  fabricated  by  hydro- 
thermal  technique  seem  to  have  better  performance  in  the  2nd  and 
3rd  cycles  but  after  10  cycles,  both  the  products  showed  same 
behavior.  The  final  discharge  capacity  for  both  the  products  drops 
to  43  mAh  g-1  after  10  cycles  and  sustains  at  a  value  of  34  mAh  g-1 
after  50  cycles.  Fig.  5(e)  represents  the  rate  performance  of  bismuth 
selenide  which  indicates  the  rate  capability  of  ( ~690, 298, 183, 108 
and  65  mAh  g-1  at  100, 200, 300, 400  and  500  mA  g-1  respectively). 
The  technique  we  have  employed  seems  to  be  greatly  enhancing 
the  initial  cycle  electrochemical  performance  of  the  Bi2Se3  nano¬ 
sheets.  Although  the  electrochemical  performance  is  not  very  high 
but  it  can  be  improved  by  alloying  B^Ses  with  other  anode  mate¬ 
rials  like  r|-Fe203  or  some  other  materials  with  the  same  electro¬ 
chemical  potential. 


Bismuth  selenide  have  the  hexagonal  layered  structure:  each 
single  layer  comprising  five  atoms  thick  covalently  bonded  stacks  of 
Se1-Bi-Se2-Bi-Se1,  and  different  quintuple  layers  connected  by 
weak  van  der  Waals  bonds.  This  structure  makes  it  possible  to 
intercalate  small  atoms  into  the  van  der  Waals  bonded  interlayer 
[34-38].  Equation  (1)  represents  the  possible  lithium  intercalation 
of  bismuth  selenide  with  lithium.  From  the  thermodynamic  point 
of  view,  there  is  the  prospect  for  a  replacement  reaction  to  occur 
between  lithium  and  bismuth  selenide,  which  results  to  the 
generation  of  Bi  and  LixSe.  There  is  another  aspect  from  kinetic 
point  of  view,  for  the  occurrence  of  such  replacement  reaction 
between  lithium  and  bismuth  selenide,  there  has  to  be  enough 
energy  provided  for  lithium  ions  and  electrons  to  destroy  original 
bonds  between  Bi  and  Se  within  the  quintuple  layer.  This  energy  is 
provided  by  constant  current  density  in  our  case.  This  replacement 
reaction  is  presented  in  Equation  (2).  Flence,  we  suggest  two 
possibilities  for  chemical  reaction  of  lithium  with  bismuth  selenide, 
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one  is  the  intercalation  to  form  Li+ [BiSe]x_  and  the  other  is 
replacement  reaction  to  form  LixSe3. 

The  amount  of  lithium  which  intercalates  in  bismuth  selenide  to 
form  the  Li*  [BiSe]x_  or  replaces  Bi  from  Bi2Se3  is  very  important 
because  it  controls  the  specific  charge  discharge  capacities  of  the 
battery.  In  case  of  SANS  the  intercalated  lithium  amount  is  low  as 
compared  to  BRNS.  Since  SANS  are  fabricated  through  conventional 
hydrothermal  technique,  the  amount  of  Se  present  in  this  sample  is 
naturally  low  as  compared  to  BRNS  which  are  fabricated  by  CVD 
method  by  using  Bi  and  Se  powders  as  precursors.  Therefore  we 
suggest  that  more  Se  vacancies  are  present  in  SANS  as  compared  to 
BRNS.  This  presence  of  Se  vacancies  limits  the  value  of  intercalated 
Li  in  the  case  of  SANS  hence  reducing  their  specific  discharge 
capacity.  Very  little  or  no  Se  vacancies  in  BRNS  increase  the  specific 
discharge  capacity  of  BRNS  by  increasing  the  amount  of  interca¬ 
lated  lithium.  This  fact  is  also  evident  by  EDS  analysis  presented  in 
Fig.  2,  which  indicates  low  stoichiometric  ratio  of  Se  in  SANS  as 
compared  to  BRNS. 

The  cyclic  efficiency  of  the  batteries  depend  upon  the  reversible 
reaction  i.e.  exfoliation  of  lithium  ions.  The  exfoliation  of  Li  ions 
from  Li*  [BiSe]x_  in  both  cases  is  low  therefore,  reducing  the  cyclic 
capacity  of  the  sample.  Here  is  the  need  to  focus  the  research 
attention,  because  if  cyclic  performance  can  be  increased  by 
making  alloys  with  bismuth  selenide  to  exfoliate  the  amount  of 
lithium,  this  material  could  serve  as  the  advanced  lithium  ion 
battery  material. 

The  possible  reason  for  low  cyclic  efficiency  or  capacity  fading  is 
presented  in  Equation  (1)  which  we  state  lithium  Intercalation  and 
is  held  responsible  for  cyclic  efficiency  in  our  case.  Since  bismuth 
selenide  has  a  layered  structure  in  which  these  layers  are  bonded  by 
week  Van  der-Walls  forces,  such  structure  allows  the  lithium  to 
intercalate  or  reside  in  between  the  quintuple  layers  as  shown  in 
the  Fig.  6  below.  This  is  worth  mentioning  here  that  this  process  is 
highly  reversible  i.e.  the  intercalated  lithium  can  also  be  recovered 
by  applying  the  potential  very  easily.  In  our  case  the  amount  of 
intercalated  lithium  is  small  which  reduces  the  recovered  amount 
of  lithium  for  the  next  cycle  as  well.  As  a  result  the  cyclic  efficiency 
of  the  battery  is  reduced. 

The  second  process  is  replacement  reaction  which  is  supposed 
to  be  the  major  cause  of  reducing  the  life  performance.  This 
chemical  reaction  is  not  reversible,  so  the  major  part  of  the  lithium 
is  consumed  by  this  chemical  reaction  forming  LixSe3  in  the  first 
cycle.  So  the  first  cycle  capacity  is  high  in  both  samples.  For  the 
second  cycle  not  much  amount  of  lithium  is  present  for  this  irre¬ 
versible  reaction  to  take  place.  This  chemical  reaction  diminishes 
very  rapidly  with  the  number  of  cycle  as  a  result  specific  capacity 
decreases  in  second  cycle  and  so  on.  Up  to  the  10th  cycle  this 
reaction  almost  dies  out  and  remaining  process  is  only  the  inter¬ 
calation  and  exfoliation  of  the  lithium  which  is  highly  reversible 


process.  As  a  result  the  specific  capacity  decreases  to  34  mA  g_1  and 
becomes  almost  stable  at  this  point  even  up  to  50  cycles. 

Second  reason  is  the  formation  of  solid-electrolyte  interface  (SEI) 
layer  on  the  anode  surface.  The  energy  gap  (Eg)  between  the  lowest 
unoccupied  molecular  orbital  (LUMO)  and  the  highest  occupied 
molecular  orbital  (HOMO)  of  an  electrolyte  is  the  window  of  the 
electrolyte.  The  electrochemical  potentials  of  charged  cell  need  to  be 
matched  to  the  LUMO  and  HOMO  of  the  electrolyte.  If  the  Fermi 
energy  of  a  solid  anode  is  above  the  LUMO  of  the  electrolyte,  the 
anode  will  reduce  the  electrolyte  forming  a  SEI  passivation  layer. 
Since  electrochemical  potential  of  bismuth  selenide  is  greater  than 
LUMO,  a  SEI  layer  of  LixSe3  as  a  result  of  irreversible  reaction  is  formed 
on  anode  surface  reducing  the  specific  capacity  in  the  next  cycles. 

The  cyclic  efficiency  of  bismuth  selenide  alone  in  batteries  is  not 
very  good  or  capacity  fading  is  relatively  high,  so  we  suggest  that 
this  material  will  show  interesting  results  with  other  well  per¬ 
forming  materials  as  composite.  To  improve  the  electrochemical 
kinetics,  the  electrode  materials  need  to  be  embedded  within  an 
electronically  conducting  species.  Furthermore,  the  internal  elec¬ 
trical  field  generated  by  electrons  may  enhance  the  ionic  motions. 
Such  modifications  diminish  the  problem  of  low  electronic 
conductivity,  at  the  same  time,  reducing  the  size  of  active  material 
would  shorten  the  diffusion  length  for  lithium.  The  combination  of 
such  nanostructured  composites  consisting  of  thermoelectric 
materials  and  conductive  additives  will  makes  it  possible  to 
enhance  capacities  at  intermediate  or  even  higher  rates. 

Electrode  materials  must  fulfill  two  fundamental  requirements 
to  reach  the  goal  of  a  high  specific  energy  and  energy  density:  (a) 
a  high  specific  charge  and  charge  density,  that  is,  a  high  number  of 
available  charge  carriers  per  mass  and  volume  unit  of  the  material; 
(b)  a  high  reversibility  of  electrochemical  reactions  at  both  elec¬ 
trodes  to  maintain  the  specific  charge  for  high  number  of  charge- 
discharge  cycles.  These  two  requirements  can  be  fulfilled  by  using 
the  composite  of  bismuth  selenide  and  iron  oxide  nanostructures. 

Now,  since  Bi2Se3  is  layered  material  and  the  fundamental 
geometrical  transitions  of  layered  material  lattice  matrices  upon 
intercalation  of  lithium  include:  (1)  change  in  interlayer  spacing, 
(2)  change  in  stacking  mode  of  the  layers,  and  (3)  formation  of 
intermediate  phases  at  low  lithium  concentrations.  Ion  exchange  is 
a  method  to  replace  the  guest  ion  in  an  intercalation  compound 
with  another  guest  ion,  which  offers  a  useful  route  for  intercalating 
large  ions  that  do  not  intercalate  directly. 

4.  Conclusion 

In  conclusion,  we  have  successfully  synthesized  the  Bi2Se3 
nanosheets  by  different  synthesis  approaches  and  compared  the 
electrochemical  performance  of  the  material  for  the  first  time. 
Although,  there  have  been  no  reports  on  the  electrochemical 


Fig.  6.  Schematic  presentation  of  lithium  intercalation. 
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performance  of  this  material  because  it  has  been  considered  a  poor 
material  for  lithium  ion  batteries  applications.  This  kind  of  material 
was  intentionally  selected  due  to  its  excellent  thermoelectric 
properties.  The  first  discharge  capacity  has  greatly  improved  from 
419.4  mAh  g-1  to  725.6  mAh  g-1.  Similarly  reversible  capacity 
retention  has  been  improved  from  347.2  mAh  g-1  to  521  mAh  g-1. 
The  results  clearly  suggest  that  with  the  slight  exploitation  in  the 
existing  synthesis  approach  can  greatly  enhance  the  potential 
properties  of  the  materials  for  application  in  lithium  ion  batteries. 
We  come  to  the  conclusion  that  only  using  this  material  in  lithium 
batteries  will  not  be  advantageous  because  cycling  efficiency  is  low 
so  we  suggest  it  can  be  used  as  composite  with  some  well  per¬ 
forming  materials  in  order  to  enhance  the  thermoelectric  proper¬ 
ties  of  batteries.  We  recommend  that  further  work  must  be  carried 
out  on  bismuth  selenide  as  this  material  has  a  great  potential  for 
applications  in  advanced  batteries. 
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